We determine the propagation loss of GaAs photonic crystal waveguides by spectral imaging of the spontaneous emission from the embedded InAs/GaAs quantum dots. The results are compared with the loss obtained by imaging the near field of the out-of-plane radiation of the waveguide mode propagating within the light cone. From the corresponding far field, we furthermore measure the mode wavevector, from which we determine the waveguide dispersion. Additionally, we show that spectral imaging allows to determine the relative efficiencies of the couplers. Using the same experiment, and detailed photonic simulations, we have determined the beta factor and the directionality of the emission of the QDs, finding beta factors up to 99% and high directionalities.
INTRODUCTION
Photonic nanostructures allow the engineering of light propagation at the nanoscale, and are therefore a promising technology for building photonic networks. Furthermore, fabrication methods are compatible with the growth of self-assembled quantum dots (QDs) 1 and site-controlled pyramidal QDs , 2 which allowed quantumelectrodynamics investigations using these single photon emitters. In particular, photonic crystal waveguides (WG) embedding QDs have attracted attention, due to the broadband coupling 3 and high beta factors , 4 which are a prerequisite for all-on-chip single photon sources. Additionally, directional emission of photons 5 has been recently demonstrated, 6, 7 and exploited for spin-controlled photon switching , 8 an important step forward in the field of optical quantum information processing. All the above mentioned applications require low propagation loss. Although a WG mode confined within the photonic bandgap propagates with no loss, scattering of light due to fabrication imperfections couple the propagating mode to radiative modes within the light cone, resulting in propagation loss . 9, 10 Propagation loss in photonic crystal WG have been determined by transmission measurements , 11, 12 although from these measurements it is difficult to clearly identify the WG mode. An alternative method used high reflectors at both ends of the WG to form a resonator, with a finesse related to the propagation loss coefficient α .
13, 14 Here we determine the loss from spectral imaging. The spontaneous emission (SE) of QDs is imaged onto the input slit of an imaging spectrometer, and is measured both spatially resolved along the WG and spectrally resolved. By scanning the excitation position along the WG, we excite QDs with different propagation distances to the bottom and top grating out-couplers, so that α can be determined from the ratio of the corresponding spectrally integrated intensities. Additionally, the ratio is proportional to the relative efficiency of the couplers, which can also be determined. We verify our method by comparing the loss coefficient obtained from spectral imaging, with the one measured by imaging the near field (NF) along the WG for an injected laser pulse, and we show agreement in the region of spectral overlap. By measuring the corresponding far field (FF), we determine the WG mode wavevector as a function of energy, and thus the WG dispersion inside the light cone. We note that using the same experiment, and detailed photonic simulations, we have determined the beta factor and the directionality of the emission of the QDs, 15 finding 99% beta factors and high directionalities. Furthermore, using beta factor and directionality, we estimated the position of the QD within the WG unit cell.
SAMPLE AND EXPERIMENT
The investigated sample features an hexagonal pattern of air holes of radius r in a 125 nm thick GaAs membrane, with a lattice constant a = 260 nm and r/a = 0.26. A line of holes is removed to form a 26 µm long WG, terminated by Bragg output couplers. Sketches of few unit cells of the structure, and the coupler, are shown in Fig. 1a and Fig. 1b , respectively. At z = 0, a layer of InAs is deposited in order to form InAs/GaAs QDs on a wetting layer (WL) by Stranski-Krastanov type self assembly, with a density of roughly 10 9 cm −2 . Deltadoping of n-type is provided by silicon atoms deposited 10 nm underneath the QD layer, with a doping density of 8 × 10 9 cm −2 . A white light reflection image of the investigated WG is shown in Fig. 1c . The GaAs membrane side edges are highlighted by the orange dashed lines. The line defect is at y = 0 and it has six lines of holes on each side, for a total lateral size of about 2.7 µm. The WG is terminated by grating couplers, as shown in Fig. 1b , which couple WG modes with free space modes of excitation and emission. The sample is mounted in a low vibration closed cycle cryostat (Montana Cryostation C2) on a XYZ piezo stage (Attocube) with a spatial resolution around 0.1 µm, allowing focusing and lateral alignment. All measurements are performed with a magnetic field B = 0.45 T in Faraday configuration, and at the sample temperature of 5 K. A microscope objective (MO) with a numerical aperture (NA) of 0.85 is mounted inside the cryostat on the cold shield, having a temperature of about 30 K.
To observe the SE, QDs are excited using a helium-neon (HeNe) laser with a wavelength of 633 nm, and the SE is separated from the excitation by a colour filter Schott RG680, transmitting wavelengths above 680 nm. We spectrally resolve the SE by imaging the sample near field (NF) onto the input slit (corresponding area indicated in Fig. 1c ) of an imaging spectrometer, with a resolution of 11 µeV. Therefore, this geometry allows to image the SE along the x direction and detect spectral images, as shown in Fig. 1d . The bottom and top stripes are due to the SE into the WG mode, coupled into free space by the bottom and top couplers, respectively. The central stripe is the free space emission at the excitation position, indicated by the red dot in Fig. 1c . Alternatively, omitting spectral resolution, the sample NF can be imaged in x and y onto a camera. Equivalently, for directional space imaging, the sample far field in the in-plane wavevector components k x and k y is imaged onto another camera.
RESULTS

Loss
We now discuss the determination of the loss coefficient α SI from spectral imaging. We introduce the distances L t = L/2 − x and L b = L/2 + x between the excitation position x and the top and bottom couplers, respectively, as sketched in Fig. 2b , with the length L of the WG, and t, b labelling the top and bottom couplers respectively. Using a Lambert-Beer extinction model, the SE powers emitted from the top and bottom couplers are proportional to η i exp(−α SI L i ) with i ∈ {t, b}, and the collection efficiency η i from the couplers. The present model assumes that most of the emission is locally excited, which we verified to be the case. 15 To apply the model, we integrate the SE from the bottom and top couplers over the spectral range covered by the CCD camera of about 15 meV, to average over the possible directionality of the SE from individual QDs. Calling P b and P t the spectrally integrated emission, we calculate the ratio P t /P b and plot it as a function of the excitation position x in Fig. 2a . According to the above model, the ratio is given by
with η = η t /η b . The corresponding measurements, and fit according to Eq. (1), are shown in Fig. 2a for spectral ranges centered at four different energies. The random deviation of the data from the fit is possibly due to a residual influence of directional emission of the QDs. The resulting loss coefficient α SI is shown Fig. 2c , going from 0.02 µm −1 (corresponding to 0.1 dB/µm using 10dB per decade intensity) at E 0 = 1.378 eV, up to α SI = 0.052 µm −1 (0.2 dB/µm) at E 0 = 1.425 eV. The extracted coefficient η is shown in the inset of Fig. 2c . We calculate an average value of η = 0.6 ± 0.1. We note that this factor also contains the coupling efficiencies into the spectrometer. Using direct imaging of the emission from the two couplers for excitation in the center of the WG, similar to the bright field reflection image shown in Fig. 1c , we find a factor η = 0.9 ± 0.1. The difference to the value determined from spectral imaging indicates that the latter is affected also by a somewhat unbalanced coupling efficiency into the spectrometer slit.
A second method to measure the WG loss we employed was to image the NF of the radiation inside the light cone along the WG, for a 100 fs pulsed excitation onto the bottom coupler. Such pulses have a short coherence length, and interference effects from background scattering are reduced with respect to continuous wave excitation. In order to maximise the coupling to the fundamental mode, the excitation polarisation is set orthogonal to the propagation direction. To further reduce background scattering and remove the strong reflection and emission of the excitation from the couplers, we use a rectangular aperture centred on the WG. The measurements are shown in the top panel of Fig. 4 for different excitation energies E 0 . The bottom coupler is located at x = −13 µm, and light is propagating in the positive x direction. The axis are calibrated using the distances between the couplers. For quantitative analysis, we calculate a NF profile as the difference of a line cut along the WG and one right next to the WG, as shown by dashed orange and white lines respectively. We fitted an exponential decay (red dashed line) in order to obtain the loss coefficient α NF , which is shown as a function of energy by red circles in Fig. 2c . We observe an increase of α NF with the energy, which is attributed to radiation loss of the mode inside the light cone and to the absorption of the QD WL. Additionally, in the region of spectral overlap α NF is consistent with α SI , which confirms our method. Finally, this also implies that the relative coupling efficiencies of the grating out-couplers can be determined by spectral imaging. 
Dispersion
In Fig. 3 , we show the simulated dispersion of the investigated WG, together with an emission spectrum from an ensemble of QDs. As discussed below, to match the measured dispersion, shown by the blue circles, an etching thickness parameter has been used in the simulation. The QDs emit between 1.37 eV and 1.42 eV. The broader emission around 1.42 eV is due to the WL. Sharp lines superimposed to the WL emission are attributed to localized excitons.
Experimentally determining the photonic band structure of the investigated sample is important for the understanding of experiments and for quantitative comparisons with numerical simulations. Different techniques have been applied, including near field scanning optical spectroscopy , 16 interferometric techniques , 17 and transmission measurements .
18 Alternatively, the group index of the guided mode was measured using Fabry-Pérot fringes . 4 In this work, we measure the WG dispersion within the light cone by Fourier imaging , 19, 20 which has been applied specifically to a WG system in Ref. 21 .
From the FF images of the radiation loss along the WG, given in Fig. 4 bottom, the propagation wavevector of the corresponding WG mode within the light cone is determined. The measured FF profiles along the propagation direction correspond to the NF profiles shown in the top panel. The FF is calibrated using the visible k-space cut-off due to the acceptance angle of the MO, which is limited to |k| ≤ k 0 NA, with the free-space wavevector k 0 = 2π/λ. The FF profile of the WG radiation loss is a stripe at definite values of k x , elongated in k y direction. The position of the stripe along k x is the WG mode wavevector. The large extension in k y is reflecting the small extension of the mode in y. The finite width in k x instead is due to the decay of the NF profile along x, the finite aperture size along x, and the laser bandwidth, as discussed in detail in Ref. 15 . There are other features visible in the FF images, namely in the center region, which is attributed to residual reflections of the excitation by the microscope objective lenses, and at large k x , which is attributed to the remaining scattering from the excitation beam reflection at the sample, also visible in the real space images close to the bottom coupler. We extract the WG mode wavevector by taking a line cut along k x (as shown in the figure by the white dashed line), and by fitting the peak with a Lorentzian profile, as shown by the red dashed lines. The blue circles in Fig. 3 are the resulting wavevectors as a function of the energy. Note that we show actually −k x , using the reflection symmetry of the WG which results in a reflection symmetry of the dispersion around k x = 0. Interestingly, in the experiment, light is propagating with a positive group velocity v g along the k x direction, while the measured propagation wavevector is negative. Although at first surprising, this is a simple consequence of the negative group velocity dispersion of the WG mode. In particular, in our experiment we impose a propagation direction such that v g > 0, resulting in a negative propagation wavevector. Having measured the dispersion, we have used a single etching parameter d, which is removing a fixed thickness d = 8 nm from all surfaces of the structure, to match simulation and experiment. The refractive index of the structure, which is sometimes used in literature to adjust the simulations, has been taken from the well known data for GaAs at the measurement temperature of 5 K. This is discussed in detail in Ref. 15 .
CONCLUSION
In conclusion, we have determined the loss coefficient within the light cone by two different methods. Using spectral imaging of the quantum dot secondary emission, we find a loss coefficient, close to the light line, of about 0.02 µm −1 (0.1 dB µm −1 ). Using near field and far field imaging of pulse propagation along the waveguide, we have determined the mode propagation wavevector as well as its loss, enabling to adjust the photonic simulations of the modes by matching a single thickness parameter. We emphasize that the spectral imaging using in the present experiment was used 15 to measure beta factors up to 99%, and the QD emission directionality, without assumptions on radiative rates into non-guided modes.
Information on the data underpinning the results presented here, including how to access them, can be found in the Cardiff University data catalogue at http://doi.org/10.17035/d.2019.0067928286.
